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 Improved Stability of Perovskite Solar Cells with a Surface 

Treated Electron Transport Layer  

 

Pesi Mwitumwa Hangoma 

 

Department of Physics, The Graduate School 

Pukyong National University 

 

             Abstract 

Perovskite devices have garnered a lot of attention due to their remarkable 

opto-electronic properties such as high absorption coefficient, high charge 

carrier mobility and lifetime and long charge- carrier diffusion length. Within 

a space of 10 years, their efficiencies have quickly risen from 3.8% to 22.1%.  

However perovskite devices are unstable when exposed to air therefore 

limiting their use in outdoor application. This effect is even more apparent in 

inverted   planar heterojunction structured devicies with a  p-i-n layout, which 
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use poly (3,4-ethylenedioxythiophene)-poly (styrene sulfonate) PEDOT:PSS 

as a hole transport layer and [6,6]-phenyl-C61 -butyric acid methyl ester 

PCBM as an electron transport layer. Devices based on this structure are 

preferable because they are hysteresis free, low temperature processing and 

high device efficiency as well as potential for use in flexible devices. In this 

study, we determine the primary source of device failure in our devices and 

based on this concept, we develop a technique that enhances the device 

stability of P-I-N PSCs. By surface treatment of the PCBM layer with 

hydrophobic Stearic acid, we achieved increased moisture resistivity of PCBM. 

The treated surface of PCBM has improved hydrophobicity and consequently 

prevents water ingress in the perovskite layer longer compared to non-treated 

surfaces. Importantly, treated devices exhibited improved stability in their 

photovoltaic parameters compared to non-treated devices when exposed to an 

environment of relative humidity (RH) 40%.  
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 Chapter 1.  Introduction 

 

1.1 Research Background 

 

Earth’s demand for energy –which is fueled by an increasing population 

as well as increased standard of living, has increased rather significantly. The 

primary source of energy, oil, coal and fossil fuels however are finite resources, 

and concern has risen on how the world can be less dependent on these 

dwindling resources. In addition, research has shown that use of these 

resources has contributed to global warming due to the greenhouse effect. 

Thus, efforts have turned to seeking clean and renewable sources energy to 

help mitigate the effects of man’s heavy dependence on fossil fuels. 

Renewable energy has a much lower impact on the environment as well as 

investments in it are spent on materials, workmanship, and the building and 

maintaining of facilities rather than costly imports. To add on, it provides 

growing price competition in an uncertain market. Sources of renewable 

energy can also be domestic, as it is becoming more technically challenging 

and expensive to source out fossil fuels, which are concentrated in certain 

regions, nations can import less and have diverse sources of energy thus 

increasing energy security. 

Currently the main forms of renewable energy are wind, hydropower and 

solar energy-with tidal being developed. Of the three solar, energy is 
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advantageous in that energy from the sun provides a consistent and steady 

source of power throughout the year. To add on, solar cells are easy to 

maintain and are easy to install unlike geothermal and wind. In addition, they 

can be used in remote locations and although the initial cost is steep, there are 

zero recurring costs. 

The past forms of solar cells have relied on silicon solar cells to harvest 

solar energy however the high cost of manufacturing, drives up the initial cost 

and is not feasible. Silicon solar cells, which are at the forefront of the 

technology, are reaching their practical limits and its getting hard to achieve 

higher efficiencies. 

With this concern in mind, attention has turned to thin film photovolta ics 

an emerging technology  that holds so much potential because of its versatility, 

their flexibility is advantageous for  roll-to-roll processing resulting in cheaper 

manufacturing costs. In this field, perovskite solar devices are of particular 

interest due to their superb photovoltaic performance. Their excellent 

photovoltaic properties are because low exciton binding energy,[1][2] [3,4] high 

charge carrier mobility and lifetime  and its long charge carrier diffusion length 

[5,6] [7–9] and are thus being hailed as a promising next generation photovolta ic 

technology. In just a few years, their power conversions efficiencies have risen 

since the pioneering work of Miyaska, from 3.8%[1] to 22.1%.[10] Currently, 

conventional device structures are of two types, mesoporous and planar 
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heterojunction with either p-i-n or n-i-p layout which are fabricated using 

various methods such as one step method,[11] two step method,[12] blade 

coating and vapor deposition.[13] 

The problem though of their poor stability especially due to air exposure, 

is a hindrance to their commercialization and prevent them from being a viable 

option for outdoor photovoltaic activity. Of the many different structured 

devices, planar heterojunction p-i-n structured devices especially those based 

on a PCBM electron-transporting layer (ETL) with an Aluminum electrode as 

a back contact show poor stability. The reasons being, unlike other devices 

whose transport layers serve as some barrier to moisture thus slowing down 

perovskite degradation,  PCBM being a small molecule does not provide full 

coverage of  the perovskite film. It forms strong chemical bonds with H2O and 

oxygen,[14] also the usual film thickness of PCBM compared with other 

transport layers such Spiro-OMeTAD  makes it a rather ineffective barrier 

against moisture and oxygen.[15] With this in mind, alternative ETLs and 

electrodes have been sought as potential replacements for efficient and stable 

devices. Nonetheless p-i-n structures based on PCBM as an electron transport 

layer are still of particular  interest because they are a low temperature 

processed[16]  which is beneficial for cheap manufacturing process, the J-V 

curves are free from hysteresis,[17,18] as well as they are much easier to 

fabricate than other device structure.  Also high electron mobility, energy level 
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matching and defect passivation are properties that makes  its use more 

favorable than other ETLS.[17]  Aluminum as an electrode though unstable in 

air[19] is equally favorable because of its low work function and is cheap 

compared to other metal electrodes.  

In this study, PCBM was treated with Stearic acid through the use of a 

ligand Ethylenediamine, to improve its hydrophobicity[20] and in turn, improve 

the stability of the device.  After treatment, the surface had a larger contact 

angle and showed better moisture resistance when immersed in water 

compared to non-treated devices. Furthermore, treated devices could be stored 

for a longer time in air compared to Non-treated devices, for instance, treated 

PCBM devices retained most of their efficiency after exposure to air for within 

2 hours compared to untreated devices, which maintained only 16% of their 

original efficiency. The best performing device had an efficiency of 15.28%, 

with a Voc of 1.01V, a Jsc of 20.82 (mA/cm2) and a fill factor of 0.72% against 

a non-treated device of efficiency 16.09%, Voc 1.00V, a Jsc of 21.92 (mA/cm2) 

and a fill factor of 0.73%. 
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1.2 Perovskite Structure 

Gustav Rose discovered the original perovskite material CaTio3 in 1839. 

It is the name of a large family of oxide compounds with the general formula 

ABX3, which have a crystal structure related to CaTio3. Generally, the 

perovskite crystal is usually inorganic but the material used in solar cells is a 

mixture of inorganic and organic compounds. The ideal crystal structure of the 

cubic ABX3  as shown in Figure 1, can be described as having a number of 

corner sharing [BX6] octahedra with ‘A’ cation occupying the middle of the 

cube of eight surrounding octahedra.[21,22] The more common minera l 

perovskite is slightly distorted and it is this distortion that is important for their 

magnetic and electrical properties.[23]  Structural work on perovskites was first 

carried out by Goldschmidt et al in the 1920’s and it is from this work that the 

Goldschmidt tolerance factor (T) was derived. The tolerance factor is used 

to assess geometric stability and distortion of crystal structures in terms of 

the constituent ionic packing.  T is defined by ratios of ionic radii  A, B and 

X as T = (RA + RX)/√2 (RB + RX), where RA, RB and RX are the ionic radii of 

A, B and X, respectivel. [21,24,25] A value of T=1 indicates that the perovskite 

compounds has a cubic close packed structure. If the ratio of the ionic radii 

is different from the ideal value (T ≠ 1), geometric strains and crystal 

distortions will surface. Thus, by calculating T, the crystalline structure of 

the perovskite can be predicted and its geometric strain and stability 
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evaluated. At the same time, T can be used to estimate the compatibility of 

different ions with a crystalline structure.  
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Figure 1. Crystal structure of a Perovskite Unit Cell[26] 
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Figure 2. Increase in the power conversion efficiency of perovskite solar cells 
compared to other types of photovoltaics. Image: National Renewable Energy 

Laboratory  

http://www.nrel.gov/
http://www.nrel.gov/
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1.3 Working Mechanism of a p-i-n layered Planar Perovskite  

Solar Cell 

 

The p-i-n structured device used in this study is shown in Figure 3. It is 

composed of two electrodes-the anode and cathode, an active layer, a hole-

transporting layer and electron-transporting layer. The Indium Tin Oxide 

( ITO) surface works as an Anode and collects the positive charge whereas 

PEDOT:PSS  is the hole transporting layer, the perovskite film serves as the 

active layer of the device, with PCBM as an electron transport layer, this is 

then made complete with the cathode such as a thin Aluminum layer which  

collects the electrons. 

When the solar cell is exposed to light-in this case the solar simulator, the 

light strikes the active layer. The electrons then absorb photons with energy 

larger than the binding energy causing them to move to unoccupied states 

above the band gap, this in turn creates excitons. The built in potential 

generated by the different work functions of the electrodes causes the excitons 

to diffuse to an active layer/transport layer interface where they are separated 

creating free charges. These free charges are then collected at their respective 

electrodes. When an external field is applied, the charges travel to opposite 

ends creating a current and thus process is repeated. 
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(a)  

 

 

 

 

 

 

  

  

(b) 

  

 

 

Figure 3.  Device Architecture of a) planar heterojunction p-i-n layered device 
and b) mechanism of perovskite solar cell device. 
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 Origins of Degradation 

Investigations thus far have shown that degradation in devices is as result 

of heat, electric field, irradiation, intrinsic instability, moisture and oxygen and 

device architecture and  components.[27–29]  However, the biggest cause of 

device degradation is moisture. When perovskite film devices are exposed to 

moisture, their characteristic reddish brown  colour changes to yellow.[30] So 

far, researchers have proposed various degradation mechanisms for the 

perovskite solar cell for instance, early on Niu et al suggested a degradation 

pathway based on the hydrophilic  nature of the CH3NH3+(MA+) cation. First 

H2O diffuses through the PCBM film and hydrolyses CH3NH3PbI3 (MAPbI3) 

which degrades to CH3NH3I (MAI) and PbI2. MAI further breaks down into 

(MA) and HI forms other products after reaction with oxygen. This is shown 

below; 

 CH3NH3 PbI3 (s)  ↔  4PbI2 (s) + CH3NH3 I (aq)            (1a) 

 CH3NH2I (aq)   ↔  4CH3NH3 (aq) + HI (aq)                  (1b)  

4HI (aq) + O2 (g)   ↔  2I2 (s) + 2H2O (l)                        (1c) 

     2HI (aq)   ↔  H2 (g) + I2 (s)                                      (1d) 

   Frost et al[31] based their degradation mechanism on  the basis that the  

interaction between water and perovskite is a Lewis base and acid interaction, 

where water is considered  a Lewis base and the perovskite an acid. An 
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intermediate   [(CH3NH3
+

) n-1(CH3NH2) n PbI3] [H3O] is formed when H2O 

combines with CH3NH3PbI3. Next, the intermediate finally decomposed into 

the products CH3NH2, HI and PbI2. Leguy et al suggested that the 3D 

perovskite forms an intermediate hydrate after absorbing one molecule of 

water and then breaks  into  a non-dimensional structure (dihydrate perovskite) 

after absorbing another molecule of water and further irreversibly into final 

products.[32] Dynamic simulations were  carried out by Mosconi et al  who 

showed to atomic level, the interactions between the surface of the  perovskite 

film and water molecule among other findings, that water incorporated in the 

bulk crystal did not change the tetragonal structure of the perovskite.[33] Yang 

et al suggested that the strong adsorption of water on the surface is due to the 

interactions of the electrons in the HOMO of the water with the unoccupied 

(CBM) of the MA cation surface.[34] 

Device components such as electrodes and electron transport layers as well, 

influence the stability of the device. Organic transport layers such as 

PEDOT:PSS are hydrophilic and being an acid, corrodes the ITO electrode 

causing further degradation.[35] Studies were conducted to determine the effect 

of oxygen and water on PCBM, results showed a downward shift in the work 

function of PCBM when exposed to Oxygen and a downward shift in the 

ionization potential and work function of the film when exposed to water 

vapor, which was not recovered even with heating in vacuum. This shows that 
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there is a strong chemical interaction between PCBM and water molecules.[1 4 ]  

In addition fullerene derivatives such C60 and PCBM have a strong preference 

for metal interfaces due to their high surface energy[36][37] and also charge 

transfers at this interface exist resulting in fullerene/metallic salts.[38–40] 

Another important feature of the PCBM and metal interface is tha t 

evaporated electrodes such as Gold, Aluminum, Calcium and Silver are able 

to penetrate fullerene layer.[41,42] This results in a decreased electrica l 

thickness of the layer and in turn the device stability.  

Interaction between the perovskite film and electrode has been found to 

have negative effects on the device. Evidence of PbI2 and AgI were found on 

Silver electrodes exposed to humidity of 50% and higher temperature in a  

study done by Kato et al showing that silver electrodes interacted with iodide 

forming silver iodide from silver oxide.[43]  

Guerrero et al investigated the degradation of devices in inert atmosphere 

and suggested a degradation mechanism without water as a trigger, thus 

hypothesizing that the S-shaped degradation of the device was associated with 

chemical degradation of the metal contacts due to their interaction with ions.[44]  

This in turn creates  irreversible degradation at the interface and consequently 

device instability. 
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1.5 Development in Device Stability 

 To solve the problem of instability due to the intrinsic material, researchers 

have suggested the use of 2 Dimensional perovskites as  a solution as well as 

bilayer or multidimensional perovskites.[45][46,47] 2Dimensional perovskites 

prevent penetration of water due to their dense compact layers, in addition, ion 

migration is suppressed thus increasing their lifetime compared to 

3Dimensional perovskites. Based on degradation mechanisms due to moisture,  

researchers have made use of highly stable and water resistant materials to 

prevent ingress of moisture and oxygen and have yielded devices that are 

stable for up to 90 days. For instance, P3HT/SWNTs were used by Snaith et 

al as hole transporting layers with an extra layer, Poly(methyl methacryla te)  

PMMA, resulting in the device being protected from water ingress.18] Recently  

Alkylphosphonic acid ω -ammonium, polyethylene glycol, hydrophobic 

bulky alkyl ammonium cations and flouroalkylsilane groups have been 

assembled in the bulk or on the surface of perovskite film as a moisture-

resisting layer yielding device efficiency in the range  12%~16.0% with device 

lifetime of 3months.[34,48–50]  

Thin tunneling insulating layers were also used as water barriers between 

the perovskite film surface and ETL resulting in water resistant devices with 

an  efficiency of 19.2%.[51] Also, Gratzel et al observed improved stability by 

using a dash of hydrophobic PMMA in the perovskite precursor solution 
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yielding and efficiency of 21%.[52] Oxides such MoOx,TiOx ,Al2O3  have been 

used  as a buffer layer  in the perovskite device for example Wang et al used 

Al2O3 in the device which saw it maintain at least 48% of its efficiency after 

being exposed to high humid conditions. Al2O3 was recently used on top of 

Spiro-OMeTAD by Atomic Layer Deposition giving it extra stability for a 

period of 24 hours.[53] Yang Yang’s group sought the use of non- organic 

transport layers based on the observation that use of organic layers e.g. 

PEDOT:PSS and PCBM resulted in quick degradation due to their low 

energies of formation.[10] Their use of NiOx and ZnO as HTL and ETL 

respectively gave their devices a stability of 90 days with an efficiency of 

14.5%.[35] MoOx was used as buffer layer between Spiro-OMeTAD and an 

Aluminum electrode and reduced degradation in the device by preventing 

photo bleaching and formed a oxide layer which has protective properties thus 

increasing the stability of the device.[54] 

To increase the lifetime of devices with fullerene based ETL, moisture 

resistant organic buffer layers have been added between PCBM and the 

electrode, such as a thiol-functionalized cationic surfactant.[22]  Bai et al used 

a cross-linked silane-functionalized and doped fullerene to enhance the 

perovskite device performance and stability, which resulted in the device 

retaining most of their efficiencies after exposure to 30 days of air.[24] 
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CHAPTER 2. Influence of Electrodes on Device Stability  

2.1. Device degradation due to Aluminium Electrodes 

      To determine the influence of electrodes on the degradation of perovskite 

solar cells, the performance of the conventional device was examined by 

measuring their power conversion efficiencies (PCE’s) after being exposed to 

air for a fixed time  period. The devices were placed in a dark environment 

with 40% RH to rule out any instability from illumination. From Figure 4, the 

measured PCE’s of devices fell rapidly from an original value of 16.15% to 

2.69% at the 75th minute. From visual observation, there were no indicators of 

degradation in the crystal such as changes in color or corrosion in the active 

area of the device as observed in other studies.[30,54]  Mechanical damage in 

the electrodes was factored out by recording efficiencies for devices left in a 

glovebox for the same time length. 

 J-V slopes of the devices were also characterized as shown in Figure 5. The 

sigmoidal J-V slope of the exposed device is a characteristic feature of poor 

fill factor in devices. Poor fill factor is associated with increased defect sites, 

which induce charge recombinations and trap charge carriers at interface or 

bulk of the material which then cause irreversible degradation in the device. It 

is also linked with  chemical degradation of the metal contact.[44] However 

such slope is accompanied with a low Jsc and Voc the slope in Figure 5   
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interestingly has no loss in Voc and relatively good Jsc which does not 

correspond with the fill factor. This implies that the problem might not lie with 

the bulk of the material but merely at the interface. 
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Figure 4. Device efficiencies with time for samples stored in a humid level of 

40% and Nitrogen gas. 
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Figure 5. J-V curve of the original device, device exposed to air and a device 

with redeposited electrodes. Note the sigmoidal curve associated with 

chemical degradation at the Electrode interface of the device. 
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2.2 Surface Observation of the Exposed Film 

Placing the film under the microscope, changes on the surface of the film 

were be observed after exposing the device to a humid environment with a 

level of 40%  for 1 hour. From Figure 6a, the film surface of the pristine device 

has a clear surface on the electrode, however, after exposure the black spots 

seemed to appear which increased and in number when the device was 

exposed in air for longer and further changed to white spots as observed in 

Figure 6c. This change indicated that some chemical reaction was present 

between the organic layers and the electrode. To rule out present solvents as a 

factor, the devices were thermally annealed for 60 minutes, Figure 6b, as 

opposed to 10 minutes for the conventional device, however the surface 

showed similar changes as the rest of the devices as shown in Figure 6d. 

A sample placed in nitrogen condition overnight, Figure 6b  however did 

not show similar conditions and maintained the smooth surface, which was 

observed in the original sample, which corresponds to their constant 

efficiencies when measurements were carried out in the glovebox. It is well 

known that Aluminum is not the first  choice of an electrode due to its tendency 

to oxidize in air,[19]  however Aluminum films exposed in air did not show the 

same surface changes as shown in samples with same condition. Therefore, 

the surface change could not lie solely on air but as a result of the interaction 

between the perovskite and electrode.  
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Figure 6. Optical microscope images of the Aluminum electrode surface 

4X magnification for  a) device without exposure to humidity and  b) device 

left overnight in Nitrogen gas. c) Device exposed to humidity at 40% RH, 

and  d) device thermally annealed for 1 hour.  e) and f)  show the top-view 

SEM images of the device before and after exposure to humid condition. 
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2.3 X-Ray Diffraction  

To determine the source of the drop in efficiency, we performed X-Ray 

Diffraction (XRD) on the bulk structure. The X-Ray Diffraction patterns 

shown in Figure 7 indicate that the crystal structure of the exposed device was 

still intact at 75th minute. The major peaks identified corresponded to the (110) 

and (220) crystal planes of the MAPbI3 perovskite tetragonal structure.[55] The 

tetragonal structure is present in the perovskite when it is in a hydrate state.[32]  

Comparing the two patterns, the intensity of the peaks for films exposed to the 

surface were less than that of the films in the initial condition, which has been 

explained to be as a result of change in domain size. For the exposed device, 

no additional peaks corresponding to PbI2 
[49] which is a characteristic of a 

hydrolyzed perovskite film. A film with this quality is expected to yield 

efficiency values similar or slightly lower to that of a pristine device and is not 

consistent with the low efficiency obtained from the devices. This result raises 

further questions on the primary source of device instability in our devices.  
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Figure 7. XRD patterns of glass/ITO/PEDOT:PSS/CH3NH3PbI3/PCBM  

structured films covered by Aluminum electrodes exposed to air vs films 

stored in Nitrogen gas.  
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2.4 Electrode-Influenced Degradation Mechanism  

   We suggest a mechanism that explains the drop in device efficiency based 

on the chemical degradation of the electrode catalyzed by the presence of H2O 

and Oxygen. The reaction leads to Aluminium Iodide, AlI3, being formed at 

the PCBM/Al interface, which gives the S-shaped characteristic similar to that 

of Guerrero et al.[44] The mechanism is similar to that of Kato et al for silver 

atoms under humid conditions.[43] 

 H2O molecules penetrate the surface of PCBM and diffuses into the 

perovskite film, which forms a hydrate and starts to degrade into MAI/HI. HI 

then diffuses through the perovskite film and penetrates the PCBM to react 

with the metal electrodes forming an insulating layer of AlI3. As time is 

increased, this process is accelerated and the layer of AlI3 increases which 

negatively affects the fill factor and corresponds to a drop in efficiency 

depicted in Figures 3 and 4. The illustration of this mechanism is shown in 

Figure 8. This reaction builds up until the perovskite film is completely 

decomposed as indicated by the color change, until the device is unable to 

function. 

These ions could in turn react further with the Aluminum giving a result 

similar to that of a previous report on Ag.[43]  If we remove the Aluminum film, 

we indirectly remove this insulating AlI3 film, which in turn reduces the defect 

sites and   trapped charges and thus improves the surface fill factor that should 
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be reflected by a change in the J-V slope. When the electrodes were 

redeposited, the original J-V slope was obtained albeit with a smaller fill factor 

compared with the original. Nonetheless the restored J-V slope indicated that 

the poor fill factor in the exposed device was mainly due to degradation of the 

metal contact at the PCBM/Al  interface as shown by previous reports.[[40,42] 

Also the device efficiency with time is observed for devices with mult ip le 

electrode redepositions, shown in Figure 9b, versus devices without any 

redeposition. After redeposition, the devices had approximately 80% of their 

efficiency restored, which gave a more accurate picture of the ability of the 

device to function. Figure 9b shows that replacing the electrodes after certain 

intervals increased the lifetimes of the devices due to the limited time of 

interaction between the active layer and electrodes. 
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Figure 8. An illustration of the formation and removal of AlI3 from the 

perovskite device. At a) H2O penetrates the PCBM film and diffuses through 

to the perovskite film. b) Due to the hydrophilic nature of the MA cation, an 

intermediate hydrate phase is formed and further breaks down to form HI and 

other ions, which migrate to the surface of the device. This forms an AlI3 film 

due to the strong interaction between Al and HI and causes poor device 

performance. Removing the electrodes at c) removes this film and restores the 

pristine surface. 
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 Figure 9.  J-V characteristics of devices with a) a redeposited electrodes after 

exposure to humidity. b) Efficiencies of devices with time for samples with 
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Chapter 3. Surface Treatment of the Electron Transport 

 Layer  

3.1 Stearic Acid and Its Applications 

Having established a cause for the device instability within the first hour or 

so of storage in humid conditions, we considered using materials that could 

prevent moisture from penetrating the active layer and in turn prevent further 

reactions with the electrode. This would consequently improve the stability of 

the device. Stearic acid was selected as suitable material to use in the device. 

Stearic acid also known as Octadecanoic acid, is a fatty acid composed of 

17 hydrocarbons in a linear chain and a carboxylic (COOH ) group as shown 

in Figure 10a. The acid has been used on various surface such metals, metal 

oxides, PMMA, calcium and even bentonite to make them super hydrophobic 

by self-assembled closely packed monolayers.[20,56,57] 

The manner in which Stearic acid is chemically adsorbed on the surface has 

been studied using the Langmuir procedure. The acid anchors on the polar 

surface through the hydrophilic carboxylate group and  the hydrophobic 

hydrocarbon tail perpendicular to the surface.[57] The growth of closely packed  

self –assembled monolayers  on a substrate which is usually done using the 

Langmuir –Blodgett technique.[58] The technique involves adsorbing one or 

more layers of an organic material by dipping the substrate in a liquid 
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containing the organic material. The assembly and growth and packing  of 

these monolayers are  influenced by various factors such as the head of the 

acid and the substrate surface as well  solvent temperature, concentration, 

growth time, degree of surface dehydration, and contamination of the substrate 

itself.[56,59] That being said, the exact nature in which the acid monolayers 

attaches to each substrate is unique and its orientation characteristics are 

observed using ellipsometry.  
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Figure 10. Chemical structure of a) Stearic Acid b) Ethylenediamine and c) 

PCBM. 
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3.2 Device Fabrication 

Materials preparation: All reagents purchased from Sigma-Aldrich were 

used without further purification. Methyl ammonium iodide (MAI) was 

synthesized as follows:  

24 mL methylamine, 33wt% absolute ethanol, was reacted with 10mL 

hydroiodic acid (HI) 57wt% in water in a 100mL round bottom flask bottom 

flask under nitrogen at 0℃ for 2 hours with stirring. Then, the reacted solution 

was dried by rotary evaporation at 50℃; a white powder of MAI was formed. 

For purifying the pristine MAI, dried MAI powder was dissolved in ethanol 

followed by sedimentation in diethyl ether by stirring the solution, this process 

was repeated three times and a high purity MAI powder was recovered and 

dried at 60oC in a vacuum oven for a period of 24 hours. 

Device Fabrication: Thin-film perovskite solar cells were fabricated on 

an indium tin oxide (ITO)-coated glass substrate with the following 

structure; ITO coated glass substrate / poly (3,4-ethylenedioxythiophene)-

poly (styrene sulfonate) (PEDOT:PSS)/CH3NH3PbI3  active layer / [6,6]-

Phenyl-C61 -Butyric acid Methyl Ester (PC61BM)/Al. The ITO-coated 

glass substrate was first cleaned with detergent, ultra-sonicated in acetone 

and isopropyl alcohol, and subsequently dried overnight in an oven at 

100oC. PEDOT:PSS (Baytron PH) was spin-casted on the ITO at 4500 rpm 

from aqueous solution to form a film of 40 nm thickness. The substrate was 
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dried for 10 min at 1400C in air and then transferred into a glovebox to spin-

coated the perovskite active layer. A solution containing a mixture of 

MAI:Pbl2 with a molar ratio of 1:1 in DMF/DMSO solvent with concentration 

of 40wt% was then spin-coated first for 1000 rpm for 5 secs followed by  5000 

rpm for 50s on top of the PEDOT:PSS layer. Chlorobenzene was the dropped 

after a 5-second delay. Afterwards, the PC61BM (30 mg/mL in chlorobenzene) 

was deposited by spin coating at 1500 rpm for 30 s.  The precursor perovskite 

film was dried in a vacuum oven by heating at 120oC for 10 minutes. Lastly, 

Aluminum (Al, 100 nm) electrode was deposited by thermal evaporation in a 

vacuum of about 5×10-7 Torr. 

Stearic acid treatment: The active layer and transporting layers were coated 

as for conventional devices. After annnealing, the devices were left to cool in 

the glovebox. They were then transfered in air and Ethylenediamine (2.4ul/mL 

in IPA) was spin coated on top of the PCBM film at 4500rpm for 60 sec. Next 

Stearic acid was coated by dipping the devices in IPA solution for 20 seconds 

at 50o C before being  spin coated for 60 seconds at 4500 rpm. Lastly, 

Aluminum (Al, 100 nm) electrode was deposited by thermal evaporation in a 

vacuum of about 5×10-7 Torr. 

Film Characterization: The UV-visible absorption spectra of perovskite 

film were recorded by a Varian 5E UV/VIS/NIR spectrophotometer. The XRD 

spectra of perovskite film were measured using an X’Pert-MPD (Philips, 
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Netherlands). The surface morphologies of perovskite film and electrode were 

obtained by scanning electron microscopy (SEM, S-2700, Hitachi, Japan) and 

an optical microscope. AFM was conducted to observe  the change in the 

surface roughness before and after the treatment of PCBM on the perovskite 

films. FT-IR spectra was used to determine the chemical composition of the 

devices before and after modification of the PCBM layer using JNM ECP-400, 

JEOL (Japan). 

    Photovoltaic Characterization: Current density-voltage (J-V) characterist ics 

of the devices were measured using a Keithley 236 Source Measure Unit. The 

performance of perovskite solar cells was measured by using an Air Mass 1.5 

Global (AM 1.5 G) solar simulator with an irradiation intensity of 1000Wm-2.  
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Figure 11. Schematic of the fabrication and adsorption of Stearic Acid on 

perovskite device with a glass/ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Al 

structure.  
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3.3 Adsorption of Stearic Acid on the Surface of PCBM 

The concept used to treat the surface was inspired by X.Lu et al who 

worked on a PMMA surface. Stearic acid through its alkyl chains, lowers the 

surface energy of the substrate and increases the contact angle making the 

surface hydrophobic, which is given by Young’s equation, 

     cos 𝜃 = (𝛾𝑠𝑣 − 𝛾𝑠𝑙 )/𝛾𝑙𝑣      (2) 

where 𝜃 is the contact angle and𝛾𝑠𝑣 , 𝛾𝑠𝑙  and 𝛾𝑙𝑣  are the various surface 

tensions in the system. 

Assembling the chains to create a rough surface on the substrate is more 

advantageous because increased  roughness increases the degree of the contact 

angle and has been correlated using Cassie’s and Wenzel’s models, is 

described by the equation,[34,60,61] 

     cos 𝜃𝑟 = 𝑟𝑐𝑜𝑠𝜃              (3) 

𝜃  and 𝜃𝑟are the intrinsic contact angles for a smooth and rough surface 

respectively and r is the roughness factor. 

To guide the assembly of the alkyl chains on the substrate, Ethylenediamine 

was used. Ethylenediamine whose chemical structure is shown in Figure 10b, 

is a strong basic amine and is used as a building block in chemical synthes is 

as well as to aminolyse various compounds. The group worked to control the 

growth of Stearic acid through aminolysis of the surface ester groups of the 
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substrate. Two factors were important in this preparation, the time of the 

aminolysis and the temperature of reaction between the Stearic acid and amide 

groups. The Ethylenediamine works by forming partial amide groups on the 

surface ester groups (-CO-NH2) of PCBM.[23]  Thereafter, Stearic acid reacts 

with the amino groups through the carboxylic head group  and the unreacted 

Stearic acid is induced to crystallization. The technique resulted in an already 

hydrophobic surface becoming superhydrophobic. 

The structure of PCBM given in Figure 10c, which is a fullerene derivative,  

is composed of fullerenes and methyl ester groups, therefore it was speculated 

that the surface treatment could be applied on PCBM. Treatment was used 

after the perovskite was fabricated as illustrated in Figure 11, using the merged 

annealing process.[30] 

The surface of PCBM is functionalized firstly by spin coating 

Ethylenediamine in IPA solution on the film. The concentration of 

Ethylenediamine was optimized by varying its concentration in the IPA 

solution. Copious amounts of Ethylenediamine was detrimental to the PCBM 

surface, thus a small concentration was used to prevent negative effects on the 

substrate. Increasing the concentrations resulted in a color change of the 

device and increased pinholes; therefore, it was imperative that good film 

quality was a prerequisite to aminolysis. After aminolysis, the ITO glasses 
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were dipped in a Stearic acid-IPA solution at 500C to allow the Stearic acid to 

react with the Ethylenediamine. 

The concentration of the Stearic acid was optimized for the devices with 

increased concentrations resulted in a white film over the devices, which 

affected the electrodes deposited on them. The substrates were then dried by 

spin coating. Thereafter electrodes were deposited via thermal evaporation.  
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3.4 Water Resistivity of the Treated Surface 

The contact angle of Glass/ITO/PEDOT:PSS/perovskite/PCBM structure 

was  measured to assess whether the hydrophobicity of the functionalized  

PCBM film with moisture resisting features had improved.[15, 34] The contact 

angle (CA) was determined by dropping 4ul of water on the surface of the 

treated and untreated device. From visual observation, the surface of the 

treated PCBM film had a contact angle of larger than 90o compared with the 

surface of the conventional device, which had a contact angle lower than 90o. 

This images of which can be seen in Figure 12a and Figure 12b which proved 

that the treatment was successful. 

When both samples were immersed in water as seen in Figure 13(a-d), the 

non-treated films degraded at a faster rate compared to treated films. The non-

treated device changes its color from brown to yellow, a visual indicator of 

decomposed perovskite at the 5 second mark whereas hardly no change is 

observed in a treated device, indicating that the hydrophobic surface works 

across the film of the device. XRD patterns were observed for the film of a 

non-treated and treated device. 
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Figure 12. Contact angle for a) a non-treated film and b) treated film 6g/ml 

Stearic acid in IPA solution and (0.06%) Ethylenediamine. The measurement 

was done with 4 µl deionized water droplet. 
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Figure 13. Water resistivity of non-treated and treated glass/ITO/ PEDOT:PSS 

/CH3NH3PbI3 /PCBM  structured films when immersed in room temperature 

water  for a) initial b) 5 seconds c)10 seconds and d) 19 seconds. 
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Chapter 4.  Results 

4.1 Scanning Electron Microscope 

The film morphologies of Glass/ITO/PEDOT:PSS/perovskite/PC BM 

structured films were observed through top-view SEM in Figures 11(a-c).We 

can see the effect of aminolysing the surface using Ethylenediamine for 

constant concentration of (6g/ml in IPA) Stearic acid. Without using 

Ethylenediamine Figure 11b is as smooth as the pristine PCBM surface 

however, from Figure 12(d-f), we see the effect of temperature on the 

formation of the Stearic acid layer of the device. The concentration of the 

Stearic acid was increased for improved visual observation, as images for the 

optimized film thicknesses showed no significant difference. At room 

temperature, it was observed that flat surfaces of Stearic acid was formed. As 

the temperatures were increased, the round clusters were decreased and sharp 

jagged-like planes of stearic acid were formed which was the desirable 

morphology as referenced from X.Lu et al’s work. The grains of the surface 

are visible through the Stearic acid layer indicating that though insulating, the 

layers are thin enough to allow efficient collection of electrons by the 

Aluminum electrode but are thick enough to reduce moisture and perhaps 

electrode penetration in the device. 
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Figure 14. Top-view SEM images of the surface morphology of glass/ITO/ 

PEDOT:PSS/CH3NH3PbI3 /PCBM structured films a) before treatment, b) 

after Stearic acid treatment and c) Stearic acid treatment after aminolys is. 

Effect of  temperature on crystallization of the Stearic acid on the surface for 

a concentration of 10g/ml at d) 30o C e) 40oC and f) 50oC. 
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4.2 Atomic Force Microscopy 

Three samples with a glass/ITO/PEDOT:PSS/CH3NH3PbI3/PCBM 

structure were prepared and placed under the microscope. We observe from 

Figure 15a that though the overall surface of the film has some roughness due 

to the boundaries of the grain, the surface of the grains is smooth. This 

morphology explains the low contact angle observed in Figure 12a. In      

Figure 15b, the surface shows no change in its morphology after aminolys is 

except for little bumps due to chemical interaction with PCBM. However in 

Figure 15c it is evident that there is significant change in the surface texture 

after Stearic acid treatment. The surface roughness increases significantly 

along the grains of the film indicating that the method was successful in 

guiding the orientation of the CH2 chains and crystals of Stearic acid. It is 

further observed that the pockets of air can be created with this morphology, 

which according to Wenzel’s model, is required  for an increase in contact 

angle. 
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Figure 15. AFM of the surface topography of treated glass/ITO/ PEDOT:PSS 

/CH3NH3PbI3 /PCBM  structured film a) before treatment, b) after aminolys is 

and c) Stearic acid treatment.  
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4.3 Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared Spectroscopy Transmission Spectra of the Non-

Treated and Treated films was carried out to confirm the formation of Amide 

linkages and (-COOH-) Stearic acid on the surface. The non-treated and 

treated films were prepared on ITO surfaces and scraped off. The powder was 

then collected and analyzed. The spectra before treatment was then compared 

with that of the reference literature[20]  to confirm the existence of the desired 

linkages. As can be seen from Figure 16, after treatment we confirm the 

presence of amide I (v(C=O))  and amide II ( N-H) at  approximate ly             

1660 cm-1 and 1550cm-1 which indicates that Ethylenediame did react with 

PCBM though partially as can be confirmed through the presence of the 

methyl ester band at approximately 1750cm-1 before and after the reaction. 

After treatment with Stearic acid we see  two peaks appear at approximate ly 

2900cm-1 and 2800cm-1 which  correspond to the asymmetric and symmetr ic 

stretching vibration of CH2 chains of Stearic acid.[62] This is an indication that 

Stearic acid did react with the surface amino groups as well as crystallized on 

the surface. 
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Figure 16. FT-IR Transmission Spectra of non-treated and treated PCBM 

films. 

 

 

 

 



 

47 
 

4.4 X-Ray Diffraction 

    X-Ray Diffraction of Glass/ITO/PEDOT:PSS/perovskite/PCBM structured 

samples was used to determine the crystallinity of perovskite films after Non-

treated and treated samples were immersed in water as shown earlier in Figure 

13. Dominant peaks characteristic to the perovskite crystal, (110) and (220) at 

14.15o and 28.46o respectively in both Figure 17a and Figure 17b appear for 

samples before immersion in water referred to as the initial condition. These 

peaks decrease in intensity for increased time in water. For the untreated 

device, Figure 17a, the dominant peaks of the perovskite films at 10 seconds 

disappear indicating that the perovskite film is completely degraded. On the 

other hand, peaks characteristic of PbI2 at  12.7o and 25.9o for (001) and (101) 

planes respectively begin to appear. This peaks increase in intensity for a 

longer soaking time from 10 seconds to 20 seconds as shown in Figure 17a. 

However, perovskite films with a treated PCBM surface showed delayed 

breakdown in the crystal structure of the perovskite, the dominant peak of PbI2 

in Figure 17b at 12.7o only appears at the 20-second mark in the presence of 

perovskite dominant peaks (110) and (220). This corresponds with the photo 

of the film in Figure 13d at 20 seconds. The film is still brown in color after 

20 seconds in water. 
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Figure 17.  XRD patterns of a) a non-treated film and b) a Stearic acid-treated 

film immersed in water for different times. The peak associated with PbI2 is 

more doninant in the non-treated device. 
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4.5 UV-visible Absorption 

  Figure 18 and Figure 19 show the absorption spectra of glass/ITO/ 

PEDOT:PSS/perovskite/PCBM structured film for increasing concentrations 

of Stearic acid and Ethylenediamine respectively. For increasing 

concentrations 8g/ml and below, the trend of the spectra such as shape, 

absorption intensity and bandgaps were more or less consistent with the 

spectrum of the non-treated structure implying that for these concentrations, 

Stearic acid did not significantly alter the optical performance of the device. 

However, there was a significant shift in the absorption edge of the spectra 

between 700nm-800nm for concentrations 10g/ml and above. The shift 

towards the left could be ascribed to the reduced ratio between the upper layer 

and the perovskite film resulting in a composite absorption spectra of the 

perovskite film and Stearic acid spectra. When Ethylenediamine was increased, 

the trend and absorption of the spectra remained more or less. This lead to the 

conclusion that the amount of Ethylenediamine used in this study had no 

influence in the device optical properties indicating that the addition of 

Ethylenediamine and Stearic acid did not alter the optical properties of the 

active layer nor the transporting layers of the device. 
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Figure 18. Absorption spectra of a Glass/ ITO/PEDOT:PSS/ CH3NH3PbI3 / 

PCBM for different concentrations of Stearic acid. 
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Figure 19.   Absorption Spectra of glass/ ITO/PEDOT:PSS/ CH3NH3PbI3 / 

PCBM  for different Ethylenediamine concentrations. 
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4.6 J-V Characteristics of Treated Devices 

The performance of the devices was used to determine the optimum 

concentrations of both Ethylenediamine and Stearic acid. This was done by 

varying their concentrations, observing their J-V characteristics from             

Figure 20 and Figure 21(a-b) as well tabulating their corresponding 

photovoltaic performances in Table 1 and Table 2. Table 1 shows decreasing 

photovoltaic performance of the devices for increased Stearic acid 

concentrations. For instance, concentrations of 10g/ml to 20g/ml correspond 

to low Jsc and poor fill factor, whereas from 8g/ml and below there is a vast 

improvement in the device performance. The poor performance for 

concentrations 10g/ml and above, was most likely caused by the layer of 

Stearic acid being too thick consequently increasing the resisitvity of the 

device. It not only prevents efficient charge collection but also negative ly 

influences the absorption device shown earlier in Figure 18, thus ruling out 

their practicality for this study. The corresponding J-V curves in Figure 20 

show the performance of these devices. From 8g/ml and below the devices 

exhibited better device performances and an optimum concentration was 

selected for the best performing device. 

In Table 2, it was observed that increased concentrations of Ethylene-  

diamine resulted in reducing efficiencies, mainly due to decreasing Voc and 

fill factor. The drop in fill factor could be ascribed to the effect of 
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Ethylenediamine on the quality of the film as mentioned earlier. For a given 

concentration of Stearic acid however, it was observed that the Voc for all 

devices remained more or less constant. The relationship between 

Ethylenediamine and Stearic acid was also studied, thus for a fixed 

concentration of Stearic acid, Ethylenediamine was varied as before and the 

photovoltaic parameters tabulated in the same Table.1 

 Interestingly, it was also observed that increasing the ratio between 

Ethylenediamine and Stearic acid resulted in better photovoltaic parameters of 

the treated devices. The best performing device had an efficiency of 15.28%, 

a Voc of 1.01 V, a Jsc of 20.82 (mA/cm) and a fill factor of 0.72% against a 

non-treated device of efficiency 16.09%, Voc 1.00 V, a Jsc of 21.92 (mA/cm2) 

and a fill factor of  0.73%. In addition, no hysteresis was observed in the 

treated devices as shown in the forward and reverse scan of the J-V slopes in                    

Figure 23. Overall, even after treatment, the advantages of using p-i-n layered 

devices can be said for our own devices. 
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Figure 20. Device performance for varying concentrations of Stearic acid with 

(0.06%)  Ethylenediamine in IPA solution. 
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Table 1. The table shows the trend in the photovoltaic parameters of different 

concentrations of Stearic Acid for a) 0% Ethylenediamine (EDA) and b) 0.06% 

Ethylenediamine in IPA solution. 

 

 

 

 

 

 

 

Stearic acid          EDA                       Jsc                           Voc                  Fill Factor                        Efficiency  

     (g/ml)              (%)                     [mA/cm2 ]                  [V]                        (%)                                (%) 

 

2                           0                       20.30                      1.00                         0.66                          13.66 

4                           0                       19.74                      0.93                         0.74                          14.01 

6                           0                       18.65                      1.00                         0.58                          11.27 

8                           0                       20.76                      0.99                         0.66                          13.70 

 

      2                           0.06                   19.09                      0.96                        0.69                          12.74 

      4                           0.06                   20.10                      1.01                        0.67                          14.00 

      6                           0.06                   19.35                      0.97                        0.66                          12.40 

      8                           0.06                   19.56                      0.96                        0.69                          13.11  

      10                         0.06                   13.61                      0.87                        0.39                           4.69 

      15                         0.06                     8.84                      0.91                        0.27                           2.35   

      20                         0.06                     3.71                      0.71                        0.21                           0.56   
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Figure 21. Device performance for different concentrations of  Ethylene-

diamine a) without Stearic acid and b) 6g of Stearic acid coated.  
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Table 2. The table shows the trend in the photovoltaic parameters of different 

concentrations of Ethylenediamine for a) without Stearic acid b) 6g of Stearic 

acid. 

 

 

Stearic acid          EDA                       Jsc                               Voc                 Fill Factor             Efficiency  

(g)                   (%)                     [mA/cm2]                     [V]                     (%)                        (%   

 

 0                         0.00                         21.92                         1.00                        0.73                        16.09 

 0                         0.06                         20.20                          0.85                       0.71                        12.48   

 0                         0.12                         21.28                          0.86                       0.66                        12.11 

 0                         0.24                         19.84                          0.93                       0.71                        13.26 

 0                         0.30                         22.78                          0.72                       0.58                          9.52  

 

6                         0.06                         20.82                         1.01                       0.72                        15.28 

6                         0.12                         19.71                         0.96                        0.67                       12.40 

6                         0.24                         19.60                         0.94                        0.70                       13.00 

6                         0.30                         19.68                         0.95                        0.65                       12.39 
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Figure 22. J-V characteristics for a) the best performing treated device vs non-
treated device and b) the incident photo-to-current efficiency (IPCE) spectrum 

for device prepared with different annealing method. 
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Figure 23. Forward and Reverse Scan for best performing treated device. 
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4.7 Device Performance in Air 

The moisture stability of the treated device was tested by comparing the 

efficiencies of non-treated and treated devices when exposed to a humid 

environment. The devices were stored in a dark condition with 40% RH and 

their efficiencies with time were plotted as shown in Figure 24a and            

Figure 24b. Two conditions were set up, device efficiencies without electrode 

redeposition shown in Figure 24a, and with electrode redeposition, shown in 

Figure 24b. In Figure 24a, we see that treated devices showed better stability 

in air compared to non-treated devices evidenced by the moderate drop in their 

efficiencies compared to that of non-treated devices. Whereas the treated 

device kept nearly 70% of its initial efficiency, the non-treated device only 

retained 10% of its initial efficiency. After electrode redeposited, treated 

devices exhibited even longer lifetimes. Their restored devices retained 90% 

of their initial efficiencies after every redeposition, as shown in Figure 24b. 

Furthermore, the J-V curves of the treated devices were characterized for 

devices exposed to air and then redeposited with the electrode. The J-V curves, 

Figure 25, show a minor drop in the Jsc and Voc, with no S-shaped slope 

previously seen in the untreated devices. This entails that the treated surface 

protected the devices from moisture as well as theAluminium electrode from 

the perovskite film thus increasing the device lifetime. 
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Figure 24. Device efficiency with time for devices stored in dark and humid 

conditon, 40% RH for a) treated and non-treated devices without redeposition, 

b) with redepostion. 
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Figure 25. J-V curves of treated devices with and without exposure to dark 

and humid condition, 40% RH.  
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Figure 26. Changes in the photovoltaic parameters a) Jsc, b) Voc and c) fill 
factor for non-treated and treated devices exposed to air in dark condition with 
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. 

Chapter 5. Conclusion 

Having made strides with record efficiencies of 22.1%, concern on 

perovskite solar cells is steered towards their instability in air. Studying and 

improving the stability of perovskite solar cells brings them a step closer to 

commercialization. In this study, I begun with identifying a primary source of 

degradation in our perovskite solar cells. A combination of moisture, the 

perovskite film and Aluminum electrodes was largely responsible for the rapid 

drop in efficiencies. A possible degradation mechanism was then suggested to 

explain the effect of the electrodes on the device. Interaction amongst these 

factors formed Aluminum Iodide at the electrode rendering it inefficient. 

However, by replacing electrodes at some time intervals we not only identified 

a particular stage of degradation in our devices, but also improved their 

lifetime. 

 To further improve the device stability, Stearic acid was selected due to its 

hydrophobic property, to treat the surface of the ETL namely PCBM. After 

treatment, the contact angle of the film increased and a longer resistance to 

moisture absorption  was observed when the samples were immersed in water 

indicating that PCBM had improved hydrophobicity. We have also shown that 

with a PCBM treated layer, devices show enhanced stability when stored in 

humid conditions, on average, the treated devices retained  nearly  80% of 
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their  efficiencies within the first 2 hours of exposure compared to non-treated  

devices, which only retained 16% of their efficiencies when exposed to a 

humid condition of 40%.  
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